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Abstrat
The large t behaviour of the heliity amplitudes of dirative photoprodution is
estimated relying on models of the photon and meson light-one wave funtions and
on the double-logarithmi approximation to the exhanged gluon interation. The
role of large-size olour dipole ontributions to the photon-meson transition impat
fator is disussed.
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1 Introdution.
Hard dirative vetor meson prodution is one of the topis onsidered in the
analysis of HERA experiments, [1℄. Data on photoprodution are available [2, 3, 4, 5℄
extending to relatively large t.
Dirative photoprodution at relatively large momentum transfer is a partiular
example of semi-hard proesses determined by two large sales, s≫ −t≫ m2V .
Beause of the large momentum transfer one expets that an essential part of
the interation an be desribed by perturbative QCD, in partiular the BFKL ap-
proah should be appliable for alulating the dirative exhange. The intriguing
question is whether the oupling of this perturbative exhange to the sattering
partiles, the photon - meson impat fator, is dominated by short distane ong-
urations.
In the ase of J/Ψ prodution at large t the heavy quark mass guarantees the
appliability of the perturbatively alulated impat fator [6, 7℄. In the present
paper we address the question to what extend a perturbative alulation an rep-
resent the photon - light meson dirative transition, in partiular, whether this
proess an be treated in the piture of small-size dipole interation.
The ase of light meson dirative photoprodution at large t has been onsid-
ered in a number of papers [8, 9, 10, 11, 12℄. The small dipole ontributions to the
impat fator of all heliities have been alulated in [10℄ by using distribution am-
plitudes for both the photon and the vetor meson. It has been suggested that the
experimentally observed dominane of the transversely polarized meson prodution
may be explained by a sizable hirally-odd ontribution in the photon and meson
light-one wave funtions. Calulating the exhange by the leading ln s BFKL equa-
tion allows to desribe the t dependene of the photoprodution ross setions [11℄.
The BFKL formulation of the heliity ampltudes has been presented in [12℄, and its
phenomenologial onsequenes in the next artile of the same authors [13℄.
The aim of the present paper is to emphasize the role of the large dipole size
in the photon-meson transition impat fator. We adopt an ansatz for the meson
light-one wave funtion used in previous studies of dirative eletroprodution
[14, 15, 16℄ and a similar ansatz for the photon light-one wave funtion. We point
out the ontribution with the large momentum transfer arried by both of the
exhanged gluons, where the qq¯ dipole size is not suppressed by the large t.
We inlude the leading eet of the exhanged gluon interation by approxi-
mating the BFKL equation down to the lower level of double logarithmi ln s ln t
auray [19℄. In view of the omplexity of the amplitudes onstruted from the
leading ln s BFKL solution as presented in [12℄ our approximate treatment is a
reasonable simpliation in order to study partiular ontributions. It allows to
demonstrate the main impat of the exhanged gluon interation and to estimate
the importane of the large dipole-size ontributions.
2 Eetive dipole sattering at large t.
We reall the general approah to hard diration. The amplitude of the dirative
proess γ → V an be represented as the integral over the transverse momenta of
gluons in the t−hannel (impat representation)
Mλiλf (s, q) = s
∫ i∞
−i∞
dω
2πi
F
λiλf
(ω, q)
[(
s
M2(m, q)
)ω
+
( −s
M2(m, q)
)ω]
,
F
λiλf
(ω, q) =
∫
d2κd2κ′Φ
λiλf
(κ, q) G(κ, κ′, q, ω) ΦP (κ′, q) (2.1)
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Here q is the momentum transfer, κ, κ′ the transversal momenta of the exhanged
gluons, G the dirative exhange (Pomeron). Φλiλf and ΦP are photon-meson and
proton impat fators respetively.
The photon utuates into a qq¯ pair long time before and this qq¯ pair onverts
into the vetor meson long time after the interation with the proton. It is possible
to represent the photon impat fator as the onvolution of the impat fator for
the qq¯ dipole sattering with the light one wave funtions of the inoming virtual
photon and the outgoing vetor meson (Fig.1)
Φλiλf (κ1, κ2) =
∫
d2ℓ1d
2ℓ2dzΨ
(γ)λi(ℓ1, z)φ
dip(ℓ1, ℓ2, κ1, κ2)Ψ
V λf∗(ℓ2 − zq, z),
(2.2)
φdip(ℓ1, ℓ2, κ1, κ2) = αs[δ
2(ℓ2 − ℓ1) + δ2(ℓ2 − ℓ1 + κ1 + κ2)−
δ2(ℓ2 − ℓ1 + κ1)− δ2(ℓ2 − ℓ1 + κ2)]
Figure 1: a) Impat fator form of the γ → V dirative amplitude. b) Contribution
to the impat fator.
As the photon wave funtion we adopt the extrapolation of the virtual photon
wave funtion. Whereas the latter is the result of a perturbative alulation, the
3
extrapolation to Q=0 is a model assumption
Ψ(γ)λ(ℓ, z) =
V λ(ℓ, z, 0)zz¯
|ℓ|2 +m2q
V (+1) =
ℓ∗
z
, V (−1) =
ℓ
z
(2.3)
As vetor meson wave funtion we an use
ΨV λ(ℓ, z) = fV
V λ(ℓ, z,mV )
m2V
exp
[
−|ℓ|
2 +m2q
zzm2V
]
(2.4)
This form has been used earlier [14, 15, 16℄. It an be motivated by QCD sum rules,
as resulting from the virtual photon wave funtion by Borel transformation and by
the substitution of Borel variable by m2V . This wave funtion, being lose to the one
of inoming photon, is a partiular realization of the phenomenologially suesful
onept of vetor dominane.
Tehnially, the adopted forms of wave funtions provide the advantage that
the transverse momentum integration involved in the impat fator an be easily
performed.
Unlike the ase of eletroprodution now the wave funtions do not suppress
the ontributions from large dipole sizes. Suh a suppression an result rather from
the dipole impat fator involving the large momentum transfer. Transforming the
dipole impat fator to oordinate representation we have∫
ei(ℓ1r1−ℓ2r2)dℓ1dℓ2φ
dip(ℓ1, ℓ2, κ1, κ2)
= eizqr (e−iκ1r + e−iκ2r − 1− ei(κ1+κ2)r) δ2(r1 − r2) (2.5)
The large momentum transfer q leads to the dominane of small dipole sizes, r1 =
r2 = O(q
−1) for generi values of the momenta κ1, κ2 (κ1 + κ2 = −q) of the
exhanged gluons. This hard ontribution to the photon-meson impat fator an
be onstruted with distribution amplitudes of both the photon and the vetor
meson. In [10℄ only this ontribution has been onsidered. A partiular feature is
that one exhanged gluon arries large and the other relatively small momentum,
κ1 ≪ q or κ2 ≪ q. Eq(2.5) shows that we have two further regions, where the
dominant dipole size is not small. The rst one is the viinity of the end point,
z = 0, z = 1. We have onsidered this ontribution in the ase of eletroprodution
[16℄. The seond one orresponds to small values of κ1 + zq or κ1 + zq. This means
that here the large momentum transfer is shared by the two gluons. In this respet
it is reminisent of the Landsho mehanism proposed for pp elasti sattering at
large t [17℄. We shall see that the photon-meson impat fator has extra terms
whih ontribute to this region but are exponentially small outside of it.
3 Impat fator γrealV .
First we want to onsider the upper part of the diagram. We write down the photon
impat fator in the following general form:
Φλiλf =
∫ 1
0
dzzzϕ
λiλf
4 (z, κ, q) (3.1)
ϕ4(z, κ, q) = ϕ(z, κ, q) + ϕ(z,−κ− q, q)− ϕ(z, 0, q)− ϕ(z,−q, q), (3.2)
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where ontributions of all four diagramms with dierent ouplings of gluons to
quarks are taken into aount. Summing the diagramms with dierent momentum
ow in eet we average over quark heleities in the quark loop.
For any ontribution we have:
ϕ(z, κ, q) =
fV
m2V
∫
d2ℓ < V λii V
λf
f >
ℓ2
exp(−|ℓ− (κ+ zq)|
2
m2V zz
), (3.3)
The ontrations of verties for dierent heliities are:
< V 1i V
1
f >= ℓ
∗(ℓ− (κ+ zq))( 1
z2
+
1
z2
) (3.4)
< V 1i V
0
f >= ℓ
∗mV (
1
z
− 1
z
)
< V 1i V
−1
f >= ℓ
∗(ℓ − (κ− zq))∗ 2
zz
In (3.3) the integration over ℓ an be done without further approximation, e.g. in
the ase λi = λf = 1 it leads to∫
d2ℓ˜
(ℓ˜− κ˜)ℓ̂∗
ℓ˜2
e−(ℓ˜−κ˜)
2
= πe−κ˜
2
,
ℓ˜ =
ℓ
mV
√
zz
, κ˜ =
κ+ zq
mV
√
zz
We obtain
ϕ1,1(z, κ, q) = πfV zz exp(−|κ+ zq|
2
m2V zz
)
(
1
z2
+
1
z2
)
(3.5)
ϕ1,0(z, κ, q) = 2πfVmV
(κ+ zq)∗
|κ+ zq|2 (1− exp(−
|κ+ zq|2
m2V zz
))
ϕ1,−1(z, κ, q) = 2πfVmV
(κ+ zq)∗2
|κ+ zq|2
((
1 +
m2V zz
|κ+ zq|2
)
exp(−|κ+ zq|
2
m2V zz
)− m
2
V zz
|κ+ zq|2
)
Substituting into (3.3) we observe that there are terms ontributing only in the
viinity of |κ+ zq| = 0 or |κ+ zq| = 0 orresponding to Landsho-type kinematis.
We have hard ontributions, κ < q, for λf = 0 and λi = −λf , whih for z = O(1)
an be written as
zzϕ1,04 |κ≪q = πfV
κ
q2
(2− 1
(zz)
) (3.6)
zzϕ1,−14 |κ≪q = 2πfV
κ
q3
(−3 + 1
(zz)
)
The singularities at the end points are spurious. Atually the integration over z an
be done with the result (3.5) without doing further approximations. However the
result an be represented approximately by a z-integral with (3.6) in the integrand
and the range κ/q < z < 1 − κ/q. There is no hard hirally even ontribution to
the impat fator λi = λf = 1 as the result of our partiular hoie of Ψ
γ
. There is
only the Landsho-type ontribution, at κ′ = κ+ zq ≪ q
zzϕ1,14 |κ≈q = πfV (z2 + z2)exp(−
|κ′|2
mV zz
) (3.7)
and the analogous one at κ+ zq ≪ q. There are extra Landsho-type ontributions
to the other heliities. In the ase of λf = 0 this results in a small ontribution
O(q−5) to the amplitude and an be negleted.
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4 BFKL in double-logarithmi approximation.
Consider the BFKL equation [18℄ in the leading ln s approximation
f(ω, q, κ, κ) = f0 +
g2N
(2π)3
∫
d2κ′
|κ′|2|q − κ|2K
0(κ′, κ, q)f(ω, q, κ′, κ)
− g
2N
(2π)3
[α(κ) + α(q − κ)]f(ω, q, κ, κ), (4.1)
with the bare kernel
K0(κ′, κ, q) =
κ′1κ
∗
1κ
′∗
2 κ2 + c.c
|κ1 − κ′1|2
. (4.2)
We are going to simplify the equation in the double-log approximation, i.e. we
shall approximate the transverse momentum integrals in ln t approximation [19℄. In
double logarithmi approximation the gluon trajetory funtion an be written as
α(κ) ≈ g
2N
(2π)3
∫ |κ|2
µ2
d2κ′
|κ′|2 = N(
g2
4π
)
1
2π
ln
|κ|2
µ2
Taking also into aount running of the oupling we get
α(κ) ≈ N
∫ |κ|2
µ2
d|κ′|2
|κ′|2
αs(|κ′|2)
2π
≡ Nξ(κ) (4.3)
Aording to Setion 2 we want to onsider two dierent kinematial ases:
1. κ′2 ≈ κ2 ≈ q ≫ κ′1 ≫ κ1
The evolution kernel in this region an be approximated as:
K0(κ′, κ, q) =
κ∗1
κ′∗1
|q|2 + c.c (4.4)
Replaing f = κf˜ the equation beomes
f˜ = f˜0 +
g2N
(2π)3ω
∫ |κ|2
κ2
d2κ′
|κ′|2 f˜(ω, κ
′;κ)− ...
= f˜0 +N
∫ ξ(κ)
ξ(κ)
dξ′f˜(ξ′, ξ)− ... (4.5)
2. κ1 ≈ κ′1≈ κ2 ≈ κ′2≈ q≫ |κ1 − κ′1|. We parametrize
κ1 = zq + κ˜;κ2 = zq − κ˜
κ′1 = zq + κ˜
′;κ′2 = zq − κ˜′
q ≫ κ˜′ ≫ κ˜
The kernel in this kinematis is approximately K0 = 2|q|
4
|κ˜′|2 Then the equation an
be written as
f = f0 +
2g2N
(2π)3ω
∫ |κ|2
|µ|2
d2κ˜′
|˜κ′|2
f(κ˜′, κ)− ...
= f0 +
2N
ω
∫ ξ(κ)
ξ(κ)
dξ′f(ξ′, ξ) (4.6)
In our approximation we an solve the evolution equations for both ases.
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In the rst ase, substituting f˜ → f˜ω , we rewrite the equation (4.5) as
(ω +Nξ(κ) +Nξ(q)) f˜(ω, q, ξ, ξ) = f˜0 +N
∫ ξ(κ)
ξ(κ)
dξ′f˜(ω, ξ′, ξ)
and by another substitution fˆ(ω, q, ξ, ξ) ≡ (ω +Nξ(κ) +Nξ(q)) f˜(ω, q, ξ, ξ) we
transform the equation into
fˆ(ω, q, ξ, ξ) = f˜0 +N
∫ ξ(κ)
ξ(κ)
dξ′
fˆ(ω, q, ξ′, ξ)
ω +Nξ′(κ) +Nξ(q)
(4.7)
The solution is
f˜(ω, q, κ, κ) = f˜0
{
1
ω +Nξ(κ) +Nξ(q)
+
Nξ(κ)−Nξ(κ)
(ω +Nξ(κ) +Nξ(q))
2
}
(4.8)
Carrying out the Mellin transformation of this expression
Gh(s, q, κ, κ) =
∫ i∞
−i∞
dω
2πi
f˜(ω, q, κ, κ)
(
s
|q|2
)ω
we obtain the gluon exhange Green funtion of the sattering amplitude in double-
logarithmi approximation.
Gh(s, q, κ, κ) =
(
s
|q|2
)−N(ξ(κ)+Nξ(κ))
(1 +N ln
s
q2
(ξ(κ)− ξ(κ)) (4.9)
In the other ase of interest the evolution equation (4.6) is written as
f(ω, q, ξ, ξ) =
f0
ω
+
2N
ω
∫ ξ(κ)
ξ(κ)
dξ′f(ξ′, ξ(κ))−N(ξ(zq) + ξ(zq))f(ξ, ξ(κ)) (4.10)
Proeeding analogously to the previous ase we get the dierential equation
d
dξ
f(ω, q, ξ, ξ) = − 2Nf(ω, q, ξ, ξ)
ω +Nξ(zq) +Nξ(zq)
(4.11)
The solution of this equation is
f(ω, q, ξ(κ), ξ(κ) =
f0
(ω +Nξ(zq) +Nξ(z¯q))
exp
(
2N(ξ(κ)− ξ(κ))
ω +Nξ(zq) +Nξ(z¯q)
)
(4.12)
Carrying out the Mellin transformation we obtain the gluon exhange Green
funtion
GL(s, q, κ, κ) =
(
s
|q|2
)N(2ξ(κ)−2ξ(κ)−ξ(zq)−ξ(zq))
(4.13)
5 Heliity amplitudes
At large t the dirative exhange interats with a single quark in the disintegrating
proton. We write down the heliity amplitudes of dirative sattering on a quark.
In this ase the proton impat fator redues to a onstant and the oupling of
the exhange to the disintegrating proton does not inuene the t-dependene. We
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obtain the dirative γV amplitudes in terms of a sum of the hard and Landsho-
type ontributions, eah of them has the form
Mλiλf = is
∫
d2κdzzzϕ
λiλf
4 (κ, q, z)
G(s, q, κ, κ)
|κ|2|κ− q|2 (5.1)
For omparison we onsider rst the amplitudes with simple two-gluon exhange,
i.e. we substitute G = 1, and denote this by an additional subsript 1. The hard
ontribution to the ases λf = 0, and λi = −λf an be alulated in this ase
without further approximation with the results
M1,01,h = −2CmV π2(4−
π2
3
)
q
t2
(5.2)
M1,−11,h = C
2π2
t2
(
2π2
3
− 8).
The fator C denotes C = is 23α
2
seQqfVΦP . The results for the hard ontributions
essentially oinide with the ones obtained in [10℄ for the orresponding hiral even
ontributions.
The Landsho-type ontributions for 2-gluon ase are
M1,11,L =
∫
d2κ′
∫ 1
0
dzzzϕ114 (z, κ, q)
1
|κ|2|q − κ|2
≈ C
∫
d2κ′
∫ 1
0
dz
π
|q|4 exp(−
|κ′|2
m2V zz
)
(
1
z2
+
1
z2
)
= C
2π2
|q|4
∫ 1−mV /q
mV /q
(
1
zz
− 2)dz. (5.3)
There is also ontribution to double spin-ip amplitude whih has to be added
to the hard ontribution.
M1,−11,L = C
2π2
|q|4
∫ 1−mV /q
mV /q
(
1
zz
− 3)dz (5.4)
M1,01,L is small ompared to the hard ontribution.
Now we evaluate the amplitudes inluding the double-log approximation to the
BFKL evolution. We substitute G(s, k, q) by Gh (4.9) for the hard ontribution
from the region |κ| ≪ |q|, |κ − q| ≪ |q| and by GL( 4.13) for the Landsho-type
ontributions from the regions |κ + zq| ≪ |q|,|κ + zq| ≪ |q|. The upper transverse
momentum κ is of order q in Gh and of order min(z, z)q in GL. The integration
is dominated by k ≈ mV . Therefore, the double-logarithmi interation in the
gluon exhange tends to suppress the hard ontribution. There is no suppression in
the Landsho-type ontribution for z = O(1), but the end-point ontribution are
damped.
This eets the t dependene of the amplitudes over a large t range. The om-
bined eet of the end-points and GL leads to a lear attering of the t depen-
dene ompared to the naive 1/|t|2 in the non-ip amplitude. In the small range
3 < |t| < 10GeV 2 the modiation in the other amplitudes is small.
6 Numerial evaluation and disussion.
The heliity amplitudes alulated above allow to evaluate the t dependene of the
vetor meson prodution ross setion and of the angular-deay oeients [20℄.
For the latter we use the relations,
r0400 ∝
1
N
|M10|2
8
r0410 ∝
1
2N
(M10∗M11 +M10∗M1−1) (6.1)
r041−1 ∝
1
N
(M1−1∗M11)
N = |M10|2 + |M11|2 + |M1−1|2
Our estimates are done for large t, therefore it makes sense to extrat results for
values of |t| above 3 GeV 2.
With our estimates we do not predit the normalization of the ross setion.
Besides of this, no parameters are tted.
The predited t-dependene of the ross setion agrees reasonably with the data
[2℄. In Fig.2 we show how the double-log interation in the exhange improves the
t-dependene.
We ompare also with the t-dependene resulting from the amplitudes given in
[10℄; it deviates from the experimental behaviour. We onlude that the ombined
eet of large-size dipole ontributions and of exhange interation improves the
naive power behaviour in t in agreement with experiment.
A more detailed desription of the t dependene has been ahieved in [13℄, by
inluding the leading ln s BFKL solution for the dirative exhange and tting
some parameters. However, the angular deay oeients obtained there are not
in full agreement with the data, in partiular r0410 turns out to have the opposite
sign. It has been pointed out that the right sign ould be ahieved by inreasing the
hirally-odd ontribution parametrized there by the onsituent quark mass, giving
the latter an unreasonable large value.
In Fig.3 we show our results on the angular-deay oeients in omparison
with the data and also with the preditions alulated from the results of [10℄. It is
lear that these oeients are sensitive to the detailed struture of the amplitudes
whih is not resolved in the ross setion.
We have seen that the relative magnitude of the amplitudes arising from heliity
dependene of the impat fators, is inuened essentually by end-point ontribu-
tions and also by the interation of the exhanged gluons. Negleting these eets
would result in the dominane of the longitudinal polarization of the produed
vetor meson. We obtain that in the experimetally aesible t-range non-ip and
single-ip are of approximately the same magnitude and t-dependene. The double-
ip amplitude is about an order of magnitude smaller, due to partial anellation of
soft and hard ontributions. The data on r0400 suggests that the non-ip amplitude
is even larger, exeeding the single-ip amplitude by a fator 3 to 4.
Besides of this our results on the angular deay oeient are in qualitative
agreement with experiment and also with the results derived from [10℄, in partiu-
lar r0410 agrees in sign with experiment. In the latter paper the inlusion of a sizable
hirally odd ontribution was essential for the qualitative agreement with experi-
ment, in partiular for the observed dominane of the transverse polarization of the
produed vetor meson.
Our amplitudes do not inlude a hirally odd ontribution. In this way we
have shown that the end-point and exhange interation aount partially for the
orretion ahieved in [10℄ by the addition of a hirally odd omponent.
In this paper we have emphasized the role of ontributions with relatively large
dipole size. We have estimated in the double log approximation the dominant eet
of the exhanged gluon interation. Without inluding a hirally odd ontribution
we obtaine that the transverse and longitudinal prodution rates are of the same size
in the t range of interest. The angular deay distribution data suggest a stronger
enhanement of the transverse prodution, leaving room for a sizable hirally odd
ontribition to the photon and meson wave funtions.
9
A lesson to be drawn from this study is that the large t transition impat fator
has, besides of the small-dipole part, whih an be parametrized by photon and
meson distribituion amplitudes, a part with relatively large dipole sizes. For the
latter one has to introdue omplete light-one wave funtions of involved parti-
les; their values in the viinity of vanishing dipole size are not suient. The
alulation of dirative large t amplitudes requires the orresponding additional
non-perturbative input.
10
3 4 5 6 7 8 9 10
-t,GeV2
0
5
10
15
20
dΣ  dt,
nbGeV-2
Figure 2: The dirative γV ross-setion. 2-gluon piture without double-log
orretions - dense urve, with inluded double-logs - dashed urve, the result of
[10℄ - dotted urve. Experimental points - ZEUS 2002.
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10 , r
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1−1. The dotted urve - results
of [10℄, the dense urve - present alulation.Experimental points - ZEUS 2002.
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